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INTRODUCTION {#s0010}
============

The oral delivery of peptide and protein drugs has become an important research area due to a large number of recombinant proteins that are now being investigated for therapeutic applications and the superior convenience of administration for patients. However, the biological and enzymatic barriers *in vivo*, mainly consisting of gastric acid and various enzymes, present scientists a great challenge to develop suitable preparations for the oral delivery of peptide and proteins.

Thymopentin (Tp5), a synthetic pentapeptide, corresponds to the active site of 49 amino acid--human hormone thymopoietin.[@bb0010], [@bb0015], [@bb0020] It has the biological activity of thymopoietins and influences the immune system by promoting the differentiation of thymocytes and affecting the function of mature T-cells. Tp5 has been used as an immunomodulator for the treatment of rheumatoid arthritis, acquired immunodeficiency syndrome (AIDS), severe acute respiratory syndrome (SARS), cutaneous T-cell lymphoma/cancer immunodeficiency, and other primary immunodeficiencies.[@bb0025], [@bb0030], [@bb0035], [@bb0040], [@bb0045], [@bb0050] However, the half-life of Tp5 is about 30 s and in clinic, it has been used via intramuscular administration, which often induces inconvenience in patients. In this sense, to develop a Tp5 oral delivery system is of great scientific and practical significance.

Nanoparticles are a kind of immunogenicity free, stable and less toxic drug delivery system that is easy to prepare and lyophilize. Evidence reveals that nanoparticles between 40 and 200 nm may be absorbed by intestine through the way of either paracellular uptake or endocytosis.[@bb0055]

Biodegradable polymers have been widely used in preparing microparticulate drug delivery systems, such as poly-lactic acid (PLA), poly(lactide-*co*-glycolide acid) (PLGA) and chitosan, etc. The fragile drugs can be encapsulated into polymeric nanoparticles and thus go through the GI tract.[@bb0060], [@bb0065], [@bb0070], [@bb0075], [@bb0080], [@bb0085] Poly-butylcyanoacrylate (PBCA) is such a fine biodegradable polymer that has been used as surgery glue in clinic.[@bb0090], [@bb0095], [@bb0100], [@bb0105], [@bb0110], [@bb0115], [@bb0120] In addition, the former experiments done in our lab showed that the method to produce PBCA nanoparticles was much easier than the others.

In this paper, PBCA was selected as the carrier material for Tp5 on account of serial screen tests in our lab, based on the drug entrapment efficiency (EE), compared with PLA and PLGA Tp5-loaded nanoparticles.

According to literature, it is not difficult for water insoluble drugs to be encapsulated in polymers compared with the water soluble ones. However, Tp5 is a highly hydrophilic drug, which presents another challenge for this study. Although there are various methods for the preparation of polymeric nanoparticle,[@bb0125], [@bb0130], [@bb0135], [@bb0140], [@bb0145], [@bb0150], [@bb0155] nanoprecipitation method was used to prepare PBCA-Tp5-NP in this study. The effective dose of Tp5 is about 1 mg/day with respect to the instruction of Tp5 injection used in clinic. Therefore, it is reasonable to deliver Tp5 in oral dosage forms as long as the amount of Tp5 loaded in the nanoparticle is suitable.

MATERIALS AND METHODS {#s0015}
=====================

Materials and Animals {#s0020}
---------------------

Thymopentin (Tp5) was gift sample from Chengdu Di\'ao Group (Chengdu, China). PBCA was purchased from Guangzhou Baiyun Medical Gel Ltd. (Guangzhou, China). Pluronic F68, RPMI1640 and Concanavalin A (Con A) were purchased from Sigma (Chengdu, China). Cyclophosphamide (CTX) was provided by Hualian Pharmaceutical Company (Shanghai, China). Tritiated thymidine (^3^H-TdR) was ordered from Chinese Academy of Sciences Beijing Institute of Atomic Energy (Beijing, China).

Mouse anti-rat CD~4~: RPE, mouse anti-rat CD~3~: FITC, and mouse anti-rat CD~8~ alpha: RPE-CY5 antibodies were obtained from Serotec Ltd. (Oxford, UK).

Wistar rats and Bal b/C mice were provided by West-China Experimental Animal Center of Sichuan University.

Method of Preparation of PBCA Nanoparticles {#s0025}
-------------------------------------------

An optimized nanoprecipitation method was used to prepare the nanoparticles after the selection tests of different preparation conditions. Tp5 1.0 mg was carefully weighed and dissolved in 10 mL 2.5% Pluronic F68 solution, and then the pH of the solution was adjusted to 2.5 with 0.1 mol/L HCl. Fifty microliters of PBCA was dropped into the water phase by slow injection while stirring. After stirring for 30 min, the pH value of the solution was adjusted to 7.8 with 0.1 mol/L NaOH, and then kept stirring for another 1 h. The colloid was freeze-dried (Savant Instruments Inc, NY, SNL216V) and stored at −20°C before use.

### Particle Size and Morphology of Nanoparticles {#s0030}

The size of nanoparticles was determined by Mastersizer 2000 (Malvern, UK), in triplicate. The morphology of nanoparticles was observed by negative staining under the transmission electron microscope (TEM) (Hitachi H-600, Minato-ku, Japan). Nanoparticle colloid was dropped on a grid and dyed with 2% phosphotungstic acid (PTA). The pictures were shown in [Figure 1](#f0010){ref-type="fig"} .Figure 1(A) TEM micrograph of lyophilized PBCA-Tp5-NP (30000×), (B) TEM micrograph of PBCA-Tp5-NP colloid stored at room temperature for 3 months (30000×), and (C) TEM micrograph of lyophilized PBCA-Tp5-NP keeping at room temperature for 3 months (20000×).

### Entrapment Efficiency (EE) {#s0035}

The obtained nanoparticle colloid was diluted with distilled water to 10 mL in a volumetric flask. The percentage of drug incorporated into the nanoparticles was determined by centrifuging (Hitachi CP60E, Japan) the drug-loaded nanoparticles at 40000 rpm × 1 h, with supernatant separated. Free drug in the supernatant was determined by HPLC (Shimadzu LC-10AT, Kyoto, Japan) at 275 nm through RP C~18~ column (4.6 mm × 250 mm, 5 µm, Vydac 218TP54, USA). Mobile phase was consisted of PBS (0.1 mol/L, pH 7.0): MeOH (1:9), temperature was 30°C, flow rate was 1 mL/min, injection volume was 10 µL. EE was calculated by the difference between the amount of drug entrapped and the total amount of drug.

*In Vitro* Release Study {#s0040}
------------------------

The release of Tp5 from the PBCA-NP was examined as follows. One microliter of colloidal solution, lyophilized nanoparticle solution and Tp5 solution, which containing the same amount of Tp5 (100 µg/mL), were put into dialysis membrane tubing. Twenty microliters pH 7.4 phosphate buffer solution was used as medium for the release test. The tubes were placed in a water bath maintained at 37°C and shook at a speed of 50 rpm. At given time intervals, 1 mL of release medium was withdrawn and the 1 mL fresh PBS was added into the media. The amount of Tp5 in the solution was measured by HPLC analysis. The cumulative release rate of Tp5 from the nanoparticles was calculated. The release curve was shown in [Figure 2](#f0015){ref-type="fig"} . The release data were fitted to different pharmacokinetics release models by statistica 5.0 ([Fig. 3](#f0020){ref-type="fig"} ).Figure 2The cumulative release curve of different Tp5 dosage forms *in vitro* at 37°C, 50 rpm in water. (□) The cumulative release curve of uncoated Tp5 was stopped at 10 h as more than 90% of the drug had been released to the outside water by that time, (Δ) the cumulative release curve of lyophilized PBCA-Tp5-NP, (■) the cumulative release curve of PBCA-Tp5-NP colloid.Figure 3The comparison between observed and calculated value of *in vitro* release data for different preparations. (A) The observed release curve of PBCA-Tp5-NP colloid is compared with the value calculated from Weibull equation (*r* = 0.9706) and Biexponential equation (*r* = 0.9505), respectively. (B) The observed release curve of PBCA-Tp5-NP lyophilized powder is compared with the value calculated from Weibull equation (*r* = 0.9787) and Biexponential equation (*r* = 0.9986), respectively. (C) The observed release curve of free Tp5 within 10 h is compared with the value calculated from Weibull equation (*r* = 0.9959), Biexponential equation (*r* = 0.9843) and Higuchi equation (*r* = 0.9169), respectively.

*In Vitro* Cell Proliferation Assay of PBCA-Tp5-NP {#s0045}
--------------------------------------------------

The *in vitro* efficacy evaluation of PBCA-Tp5-NP was studied using cell proliferation assay.[@bb0160], [@bb0165], [@bb0170] Thymocytes and spleen cells were collected from mice and suspended in RPMI 1640 at the concentration of 2.0 × 10^6^ cell/mL, respectively. PBCA-Tp5-NP (50 µL/well) were added on 96-well plate with or without 6 µL Concanavalin A (Con A, 300 µg/mL) triplicately. RPMI 1640 containing 5% BSA media was added to each well till 100 µL/well. Then 100 µL of cell suspension above was added into each well and mixed, then kept at 37°C, 5% CO~2~ for 72 h. ^3^H-TdR (1 µCi) was added into each well 14--16 h before the end of culture. Free ^3^H-TdR was washed out by distilled water for 20--30 times, and the samples were collected onto the glass microfiber filter and detected by liquid scintillation counter system. The results were shown in [Figure 4](#f0025){ref-type="fig"} .Figure 4^3^H-Thymidine incorporation test of PBCA-Tp5-NP and Tp5 on mice spleen cells *in vitro*. The concentration of Tp5 in the treated groups was equal to 0.1 µg/mL. The count per minute (cpm) value was obtained by liquid scintillation counter system.

*In Vivo* Efficacy Evaluation of PBCA-Tp5-NP {#s0050}
--------------------------------------------

Twenty-eight Female Wistar rats weighing between 160 and 200 g were divided into seven groups randomly and treated with cyclophosphamide (CTX) intraperitoneally (i.p.) for 3 days continuously, and the immune inhibition model was developed according to the report.[@bb0175] The administration was done following [Table 1](#t0010){ref-type="table"} , once per day, 7 days totally. Blood samples (0.5 mL) of each rat were collected into tubes which were precovered by heparin at day 8 and detected by flow cytometry analysis (EPICS ELITE/ESP, Coulter, Fullerton, CA) ([Fig. 5](#f0030){ref-type="fig"} ).Table 1The Regression Release Equation of PBCA-Tp5-NP Colloid (I), PBCA-Tp5-NP Lyophilized Powder (II),[\*](#tf0020){ref-type="table-fn"} and Tp5 (III)ModelPreparationRegression Equation*r*MonoexponentialIln(1−*Q*) = −0.7791 + 0.0612*t*0.7670IIln(1−*Q*) = −0.1981 − 0.0756*t*0.8614IIIln(1−*Q*) = −0.5414 − 0.3419*t*0.9517HiguchiI*Q* = 0.2165 + 0.1197*t*^1/2^0.8859II*Q* = −0.0491 + 0.1879*t*^1/2^0.9508III*Q* = 0.2085 + 0.3045*t*^1/2^0.9169NiebergullI(1−*Q*)^1/2^ = 0.7691−0.0109*t*0.7848II(1−*Q*)^1/2^ = 0.9078−0.0305*t*0.8441III(1−*Q*)^1/2^ = 0.7507−0.0742*t*0.8600Hixcon--CrowellI(1−*Q*)^1/3^ = 0.8361−0.0087*t*0.8053II(1−*Q*)^1/3^ = 0.9370−0.0218*t*0.8500III(1−*Q*)^1/3^ = −0.8257 + 0.0640*t*0.8936WeibullIln ln(1/(1−*Q*)) = −0.9460 + 0.4814 ln *t*0.9706IIln ln(1/(1−*Q*)) = −1.2967 + 0.5618 ln *t*0.9787IIIln ln(1/(1−*Q*)) = −0.0693 + 0.6191 ln *t*0.9959BiexponentialI1−*Q* = 0.8996 e^−0.1544*t*^0.9505II1−*Q* = 0.5108 e^−0.6225*t*^ + 0.4747 e^−0.0023*t*^0.9986III1−*Q* = 0.2294 e^−0.8111*t*^0.9843[^1][^2][^3]Figure 5Comparison Chart of CD4^+^/CD8^+^ in different rat groups (*n* = 4). The value of CD4^+^ and CD8^+^ was obtained from the flow cytometry system by detecting the signal of corresponding labeled antibody.

One hundred microliters of blood sample was added with 20 µL corresponding mono-antibody and was vortexed. After standing for 20 min at RT, 500 µL cell lysis buffer was added and the mixture stood for another 20 min. At last, 500 µL of PBS (0.1 mol/L, pH 7.4) was added and vortexed and stood 20 min before FC analysis. The chart obtained is shown in [Figure 4](#f0025){ref-type="fig"}. The ratio of CD $\left. {CD}_{4}^{+}/{CD}_{8}^{+} \right.$ in each group was calculated accordingly.

Statistical Analysis {#s0055}
--------------------

All calculated parameters were shown in the format of mean values ± standard deviations (SD). For comparison between the experimental groups and corresponding controls, Student\'s *T*-test was employed. Values of *p*  \< 0.05 were set as a significance limit. If the calculated *p*  \< 0.05, there existed a significant difference.

RESULTS AND DISCUSSION {#s0060}
======================

Characteristics of PBCA Nanoparticles {#s0065}
-------------------------------------

The lyophilized powder was clean white and easy to re-suspend in water homogeneously.

### Particle Size and Morphology of Nanoparticles {#s0070}

The TEM of nanoparticles with Tp5 were shown in [Figure 1A](#f0010){ref-type="fig"}. Most nanoparticles were observed to be of spherical or ellipsoidal shape with smooth surface. TEM of PBCA-Tp5-NP colloid and the lyophilized powder after 3 months in RT were shown in [Figure 1B and C](#f0010){ref-type="fig"}, respectively. The results demonstrated that structure of nanoparticles powder was more stable than that of nanoparticles colloid.

The size of PBCA-Tp5-NP was 178 ± 39 nm. Pluronic F68 would increase the size of the nanoparticles when its percentage was more than 3%. Moreover, the pH value was another factor influencing the nanoparticle size. When pH value was higher than 3.0, the particle size would increase significantly.

### Entrapment Efficiency (EE) {#s0075}

The EE of PBCA-Tp5-NP was 92.2 ± 1.08%. The data showed that pH 2.5 was helpful for a higher EE at the beginning of nanoparticle formation. Increased F68 increased encapsulation efficiency, but will also increase the particle size. In addition, the increasing ratio of polymer/drug would increase EE.

*In Vitro* Release Studies {#s0080}
--------------------------

The release profile of PBCA-Tp5-NP colloid, powder, and uncoated Tp5 were shown in [Figure 2](#f0015){ref-type="fig"}. All release patterns were noted to be typically biphasic. There was no burst effect observed. For the uncoated Tp5, more than 95% of it was released after 8 h. At 48 h, the cumulative release of Tp5 from colloidal solution reached 80%; however, cumulative release from lyophilized powder was only 50%. This result indicated that the release of Tp5 was delayed after being lyophilized. On the other hand, Tp5 itself was not stable in water at 37°C after 8 h.[@bb0180] The drop down of the release curve in the lyophilized nanoparticle group showed that the released amount of Tp5 was less than that of the degraded Tp5 after 12 h, and the Tp5 could be released from the lyophilized powder for at least 48 h.

The different fitting model results were shown in [Table 1](#t0010){ref-type="table"}. The critical value of the coefficient *r*  = 0.834 when the parameters were chosen (*υ*  = 6 and *α*  = 0.005). PBCA-Tp5-NP colloid release curve was fitted to Higuchi, Weibull, and Biexpotential equations (*p*  \< 0.005). The release curves of PBCA-Tp5-NP lyophilized powder and Tp5 were fitted to all the equations listed in [Table 1](#t0010){ref-type="table"}, respectively (*p*  \< 0.005). The release curve of PBCA-Tp5-NP colloid between 10 and 48 h was fitted well to the following equations when the parameters were set (*υ*  = 2, *α*  = 0.10, *r*  = 0.800) (*p*  \< 0.10):$$\text{Weibullequation}\text{ln}(1 - Q) = 0.1417 - 0.2077\mspace{2mu}\text{ln}t,\quad r = 0.8092$$ $$\text{Biexponentialequation}\quad 1 - Q = 1.2664\mspace{2mu}\text{e}^{0.2535t} - 0.8479\text{e}^{0.0308t},r = 0.8653$$The data above showed that the release curves could be described by different equations. Sum should be calculated to select the best equation according to the following formula:$${SUM} = {\sum\limits_{i = 1}^{n}\left( {Q_{i} - {\hat{Q}}_{i}} \right)^{2}}$$The smaller the sum was, the better the equation fitted. *Q* ~*i*~ was the observed value, ${\hat{Q}}_{i}$ was the value calculated according to different equations. All the values were listed in [Table 2](#t0015){ref-type="table"} . The comparison between observed and calculated value of *in vitro* release data for different preparations were shown in [Figure 3](#f0020){ref-type="fig"}. It was indicated that some of the equations could mimic the release curve *in vitro* very well, such as Weibull equation and Biexponential equation.Table 2SUM for Good Fitting of the Release Data of PBCA-Tp5-NP Colloid (I), PBCA-Tp5-NP Lyophilized Powder (II),[\*](#tf0025){ref-type="table-fn"} and Tp5 (III)HiguchiMonoexponentialNiebergullHixcon--CrowellWeibullBiexponentialI0.14024.98890.14000.07720.15960.0628II0.03030.17250.03260.01590.15500.0009III0.14171.05500.16820.08970.03550.0277[^4]

*In Vitro* Cell Proliferation Assay of PBCA-Tp5-NP {#s0085}
--------------------------------------------------

The reports[@bb0185], [@bb0190] showed that Con A had the function to induce T cell activation. ^3^H-Thymidine incorporation is a proliferation assay method which is used widely in the evaluation of the cell proliferation *in vitro*. The Con A has the ability to increase the cell division. [Figure 4](#f0025){ref-type="fig"} showed that the cells in groups without Con A had limited population while the cell amount in groups treated with Con A together had very significant increase. The blank PBCA-NP itself had no function stimulated the proliferation of spleen cells, but it decreased the effect of Con A to induce the proliferation of spleen cells *in vitro* while the PBCA-Tp5-NP could collaborate with Con A increasing this proliferation just as what the free Tp5 did.

*In Vivo* Efficacy Evaluation of PBCA-Tp5-NP {#s0090}
--------------------------------------------

The concentration of Tp5 in blood cannot be determined because of the extremely short half-life. As an immunomodulator, Tp5 would improve the inhibited immune system. CD factors are suitable to illustrate the efficacy of the administration of the different forms of prepared Tp5. $\left. {CD}_{4}^{+}/{CD}_{8}^{+} \right.$ was chosen to indicate if the immunization was improved or not. The value of $\left. {CD}_{4}^{+}/{CD}_{8}^{+} \right.$ in rat blood was decreased after being treated with CTX. Compared to all those treatment groups, Tp5 i.g. group showed no effect on increasing the decreased value of $\left. {CD}_{4}^{+}/{CD}_{8}^{+} \right.$ in blood, while the PBCA-Tp5-NP groups showed a dosage-depended effect on increasing the $\left. {CD}_{4}^{+}/{CD}_{8}^{+} \right.$, just like the effect resulted by Tp5 i.v. group ([Fig. 5](#f0030){ref-type="fig"}). The results indicated that the PBCA-Tp5-NP administrated orally delivered the Tp5 into the rat blood successfully. Tp5 can be protected by encapsulated in the PBCA nanoparticles so that Tp5 can be effective by oral administration. This is promising in the oral delivery of short half-life drugs.

Student\'s *T*-tests were performed on the data between group C and groups D--F. The value of $\left. {CD}_{4}^{+}/{CD}_{8}^{+} \right.$ in control group had no significant difference from the saline group. There was significant difference between group C and groups D--F (*p* &lt; 0.05). The effect/dosage (a pharmaceutical effect) was also calculated and listed in [Table 3](#t0020){ref-type="table"} . The pharmacodynamical effect of group D was the highest compared to the other i.g. groups. It seemed like the most drug dosage into the rats might not give the best result, depending on the adjustment by the immune system with unclear mechanism.Table 3Experiment Arrangement of PBCA-Tp5-NP for the Effect on Rats and the Results *In Vivo* (*n* = 4)GroupCTX (mg/kg/day)Dosage (mg/kg)(CD4^+^/CD8^+^)/DosageA: Saline (i.g.)350.00---B: Tp-5 (i.v.)350.0939.09 ± 18.5C: Tp-5 (i.g.)350.901.66 ± 1.1D: PBCA-Tp5-NP (i.g., a)350.902.83 ± 0.9E: PBCA-Tp5-NP (i.g., b)351.352.02 ± 0.8F: PBCA-Tp5-NP (i.g., c)351.802.18 ± 0.9G: Control[a](#tf0035){ref-type="table-fn"}00.00---[^5][^6]

CONCLUSION {#s0095}
==========

In this study, PBCA-Tp5-NP with high entrapment efficiency was prepared by an optimized nanoprecipitation method and showed the property of sustained release in PBS. Tp5 in PBCA-Tp5-NP maintained the biological efficacy and showed positive cooperation with Con A in the proliferation test on lymphocyte transmission. An oral pharmacodynamical study was conducted in immunosuppressed rats by flow cytometry. The results showed that PBCA-Tp5-NP had a significant improvement on the oral absorption of Tp5 than regular uncoated Tp5 solution. The mechanism of Tp5 working on immune system is not clear yet. The suitable dosage for a treatment should be test before coming to a conclusion. Through this study, a feasible and promising oral delivery system using PBCA as the carrier was established to enhance the oral absorption and bioavailability of peptide or protein drugs.
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[^1]: The critical value of the coefficient *r* = 0.834 when the parameters were chosen (*υ* = 6 and *α* = 0.005).

[^2]: PBCA-Tp5-NP colloidal (I), lyophilized PBCA-Tp5-NP (II), and Tp5 lyophilized powder (III).

[^3]: Data used from 0 to 10 h.

[^4]: Data used from 0 to 10 h.

[^5]: (CD4^+^/CD8^+^)/dosage is the adjusted effect factor. The difference between groups D, E, F, and C is significant. *p*~D/C~ = 0.012, *p*~E/C~ = 0.021, *p*~F/C~ = 0.003.

[^6]: Control means the rats were treated with nothing; all the other rats were immune inhibited.
